





in	 China,	 people	 are	more	 accustomed	 to	 eating	 cooked	meat.	 Compared	with	 sashimi,	 heat	 cooking	 provides	 a	 crispy	 texture	 to	 pufferfish	meat	 and	 has	 a	 specific	 aroma	 and	 flavor,	which	 are	 favored	 by	 Japanese	 consumers
(Yamaguchi	et	al.,	2013).


































































































Key	signal Metabolites Moieties δ1H(ppm)	and	multiplicity δ13C(ppm)
1 Valine γCH3,	βCH,	αCH 0.99(d),	2.27(m),	3.62 19.0,	29.3,	62.4,	174.0
2 Isoleucine δCH3,	β,CH3,	βCH2,	γCH2,	αCH 0.96(t),	1.22(d),	1.48(m),	2.02(m),	4.04(d) 14.7,	17.0,	27.8,	35.5,	64.0,	172.5
3 Leucine δCH3,	βCH2,αCH 0.94(t),1.73(m),3.72(d) 26.0,	28.2,	43.1,	54.3
4 Alanine αCH,βCH3 1.48(d),3.82 18.0,	52.3,	176.1
5 Methionine S-CH3,	γCH2,	βCH2,	αCH 2.14(s),2.65,	2.35,	3.60 15.0,	31,	32.5,	57.2
6 Tyrosine βCH2,	αCH,	Ring	C1,C4	RingC3,5H,RingC2,6H 3.15,3.05,,3.90(d)6.90(d),7.20(d) 36.7,	57.6,	116,	133,	177.8
7 Tryptophan RingC3,C4,C9,RingC5H,	RingC6H,RingC7H,	RingC8H 7.73(d),7.19(d),7.28(t),7.53(d) 122,	124.5,	115.8,	113.2
8 Glutamate αCH,βCH2,γCH2 3.80(t),	2.06(m),	2.36(m) 187.8,	57.2,	29.9,	32.2,	184.5
9 Glycine αCH2 3.56(s) 43.4,	175.5
10 Arginine βCH2,	γCH2,	δCH2,	αCH 1.92(m),	1.66(m),	3.26(t),	3.76(t) 32.7,	27.5,	38.1,	51.5
11 Lysine αCH,βCH2,γCH2,	δCH2,	ɛCH2 3.76(t),	1.91(m),	1.48(m),1.72(m),	3.03 53.3,	32.7,	28.2,	32.5,	178.2
Fig.	1	Representative	600 MHz	1H	NMR	spectra	of	meat	in	Takifugu	flavidus	extracts	from	sashimi	and	cooked	puffer	meat.	Resonance	assignments	are	given	in	Table	1.	Key	signals:	1	valine,	2	isoleucine,	3	leucine,	4	alanine,	5	methionine,	6	tyrosine,	7	tryptophan,	8	glutamate
glutamine,	9	glycine,	10	arginine,	11	lysine,	12	aspartate,	13	lactateα-glucose,	14	succinate,	15	creatine,	16	betaine,	17	5′-IMP,	18	inosine,	19	uracil	formate,	20	hypoxanthine,	21	acetate,	22	fumarate,	23	choline,	24	taurine.
12 Aspartate αCH,βCH,	β,CH 3.89(dd),	2.68(d),	2.83(dd) 56.9,	37.3,	177.5
13 Lactate αCH,βCH3 4.11(q),	1.33(d) 77.2,	24.5,	179.8
14 Succinate αCH2 2.41(s) 35.0,	176.7
15 Creatine αCH2,βCH3 3.93(s),3.03(s) 172.8,	57.0,	38.4,	157.8
16 Betaine αCH2,βCH3 3.26(s),3.93(s) 53.5,	75.0,	175.2
17 5′-IMP C4C6C9H 8.56(s),8.23(s),6.15(d) 140.7,	150.8,	98.4
18 Inosine C4,H,	C2,	H,C1,H,C5,C2,C3,C2H,C5H 3.89(d),	4.43(t),	4.79(t),	6.10(d),	8.23(s),	8.35(s) 65.7,	90.1,	75.5,	99.8,	150.8,	140.7
19 Uracil C3H,	C4H 7.53(d),5.80(d) 143.4,	103.4
20 Hypoxanthine C2H,	C4H 8.21(s),8.23(s) 148.5,	150.6
21 Acetate αCH3 1.91(s) 26.7,	184.1
22 Fumarate CH = CH 6.52(s) 131.9,	169.5
23 Choline N(CH3)+,	βCH2,	αCH2 3.20(s),	3.43(t) 57.0,	68.8
















increased	(p < 0.05),	while	 leucine,	methionine,	 tyrosine,	 lactate,	arginine	and	betaine	decreased	 (p < 0.05),	other	13	metabolites	also	changed,	but	 there	was	no	significant	difference	 (Table	2).	Among	 these	amino	acids,	 alanine,
glutamate,	glycine	greatly	contributed	to	the	taste	of	puffer	meat.
Table	2	Comparison	of	metabolite	content	and	p-value	for	Student's	t-test	in	raw	puffer	meat	and	cooked	puffer	meat.
Key	signal Metabolites Mean ± SD *p-value VIP	value
Raw	pufferfish	meat Cooked	pufferfish	meat
1 Valine 0.11 ± 0.01a 0.13 ± 0.03a 0.23 1.1
2 Isoleucine 0.32 ± 0.07a 0.23 ± 0.01a 0.11 2.5
3 Leucine 0.23 ± 0.02a 0.17 ± 0.01b 0.012 2.9
4 Alanine 2.41 ± 0.01b 3.10 ± 0.26a 0.016 1.4
5 Methionine 0.08 ± 1.15a 0.05 ± 0.01b 0.033 1.3
6 Tyrosine 10.05 ± 0.40a 7.87 ± 0.89b 0.018 1.1
7 Tryptophan 0.05 ± 0.02a 0.03 ± 0.001a 0.16 1.5
8 Glutamate 0.29 ± 0.01b 0.73 ± 0.01a 0.000 2.2
9 Glycine 0.8 ± 0.1b 1.65 ± 0.09a 0.001 1.4
10 Arginine 11.39 ± 0.24a 8.21 ± 0.77b 0.002 2.6
11 Lysine 2.01 ± 0.27b 2.90 ± 0.48a 0.048 1.7
12 Aspartate 0.03 ± 0.001a 0.04 ± 0.01a 0.18 2.2
13 Lactate 17.04 ± 1.97a 12.60 ± 1.24b 0.03 1.4
14 Succinate 0.02 ± 0.001a 0.03 ± 0.01a 0.15 1.9
15 Creatine 9.57 ± 0.59a 7.62 ± 1.32a 0.08 1.6
Fig.	3	Relative	concentration	of	metabolites	between	raw	and	cooked	pufferfish	meat.
16 Betaine 11.39 ± 0.24a 8.22 ± 0.77b 0.002 1.6
17 5′-IMP 0.39 ± 0.03a 0.37 ± 0.05a 0.29 1.9
18 Inosine 0.06 ± 0.01a 0.11 ± 0.04a 0.11 2.5
19 Uracil 0.01 ± 0.001a 0.0067 ± 0.0057a 0.42 1.1
20 Hypoxanthine 0.27 ± 0.06a 0.29 ± 0.01a 0.64 1.2
21 Acetate 0.58 ± 0.17a 0.67 ± 0.17a 0.44 0.4
22 Fumarate 0.02 ± 0.001a 0.02 ± 0.006a 0.42 1.3
23 Choline 3.33 ± 0.34a 3.28 ± 0.82a 0.93 1.8














The	 taste	of	umami	was	not	 the	 function	of	a	 single	substance,	but	 the	combined	synergistic	effect	of	 several	 substances.	5′-IMP	was	one	of	 the	nucleotide	 related	components,	which	can	synergize	with	glutamic	acid	 to
potentiate	the	umami	taste	of	food.	Synergies	between	MSG	and	IMP	could	be	explained	by	T1R1/T1R3	signal	recognition	mechanism	(Li	et	al.,	2002).	T1R1/T1R3	responds	to	glutamate,	and	this	response	can	be	enhanced	by	IMP.	When
glutamate	molecule	and	IMP	bind	to	the	region	of	Venus	flytrap	domain	(VFT)	in	the	T1R1,	glutamate	combines	with	VFT	near	the	hinge	region,	which	induces	the	closing	of	the	VFT	structure.	While	IMP	promotes	the	closure	of	the




















of	 the	 authors’	 knowledge,	 this	 is	 the	 first	 study	 comparing	 the	metabolic	 profiles	 of	 raw	 and	 cooked	 Pufferfish	 (Takifugu	 flavidus)	meat	 by	NMR	 assessment,	 including	 primary	 and	 secondary	metabolites	 throughout	 different
processing	methods,	even	if	the	NMR	data	were	incomplete.	The	sensory	evaluation	combined	with	1H	NMR	and	multivariate	statistical	method	all	demonstrated	that	the	effects	of	metabolite	changes	on	food	flavor	could	be	analyzed
more	intuitively.	As	sensitivity	of	NMR	increases,	NMR	metabolomics	will	make	a	significant	contribution	to	the	characterization	of	food	analysis.
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Fig.	4	Sensory	evaluation	of	raw	pufferfish	meat	and	cooked	pufferfish	meat	(A.	taste	intensity	of	two	samples	compared	with	taste	reference	samples	B.	Sensory	evaluation	of	electronic	tongue	for	raw	and	cooked	pufferfish	meat).
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